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Summary

One of the most challenging aspects of foot-and-mouth disease (FMD) control
is the high genetic variability of the FMD virus (FMDV). In endemic settings
such as the Indian subcontinent, this variability has resulted in the emergence
of pandemic strains that have spread widely and caused devastating outbreaks
in disease-free areas. In countries trying to control and eradicate FMD using
vaccination strategies, the constantly evolving and wide diversity of field FMDV
strains is an obstacle for identifying vaccine strains that are successful in con-
ferring protection against infection with field viruses. Consequently, quantita-
tive knowledge on the factors that are associated with variability of the FMDV
is prerequisite for preventing and controlling FMD in the Indian subcontinent.
A hierarchical linear model was used to assess the association between time,
space, host species and the genetic variability of serotype O FMDV using
viruses collected in Pakistan from 2005 to 2011. Significant (P < 0.05) amino
acid and nucleotide variations were associated with spatial distance, but not
with differences in host species, which is consistent with the frequent multi-
species infection of this serotype O FMDV. Results from this study will con-
tribute to the understanding of FMDV variability and to the design of FMD
control strategies in Pakistan. Viruses sequenced here also provide the earliest
reported isolate from the Pan Asia II*N""'° sublineage, which has caused several
outbreaks in the Middle East and spread into Europe (Bulgaria) and Africa
(Libya).

tides) includes a single large open reading frame (ORF),
which is ~7 000 nucleotides long. It encodes a polypro-

Foot-and-mouth disease (FMD) is a highly contagious
disease of livestock, producing losses that are insidious in
endemic settings and devastating in disease-free countries
(James and Rushton, 2002; Thompson et al., 2002; Perry
and Rich, 2007). FMD is caused by infection with a sin-
gle-stranded, positive-sense RNA virus, from the Picorna-
viridae family, genus Aphthovirus, referred to as FMD
virus (FMDV). The FMDV genome (ca. 8 400 nucleo-

tein that is processed into the leader (L) protein, four
structural proteins: VP4 (1A), VP2 (1B), VP3 (1C) and
VP1 (1D), plus the 2A peptide, as well as non-structural
proteins from the P2 (2B and 2C) and P3 (3A, 3B, 5, 3C
and 3D) precursors (Sobrino et al., 2001; Grubman and
Baxt, 2004; Belsham, 2005; Carrillo et al., 2005). Seven
serotypes, referred to as A, O, C, SAT 1, SAT 2, SAT 3
and Asia 1, have been described based on the antigenic
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characteristics of the virus (Brooksby, 1958). Serotypes O,
A and Asia 1 are prevalent among the ruminant popula-
tion of Pakistan (Klein et al., 2008; Valarcher et al., 2009;
Jamal et al., 2010, 2011a,b,c). FMD control and eradica-
tion in endemic countries, such as Pakistan, would not
only result in increased agricultural productivity, but also
will allow for the international trading of animals and
animal products. This could ultimately result in improved
quality of life for the rural population (Perry and Rich,
2007). In Pakistan, vaccination against FMD is voluntary
and performed by few livestock owners. Moreover, effec-
tiveness of vaccines available in the country is uncertain
(Jamal et al., 2010).

Many recent FMD outbreaks in FMD-free countries
have been caused by viral strains that have originally
emerged from the Indian subcontinent (Knowles and
Samuel, 2003; Valarcher et al., 2008). This region offers
favourable conditions for FMDV emergence, likely due
to a combination of insufficient control measures, large
susceptible animal populations, and frequent and unre-
stricted livestock movements. An endemic setting with
such characteristics allow for the existence of a wide
variety of genetically diverse viruses. In turn, the high
mutation rate of FMDV allows the virus to adapt to dif-
ferent environments (Domingo et al., 2003). Genetic var-
iation is the result of mutation and recombination
events throughout the virus genome during its replica-
tion. When these mutations result in amino acid substi-
tutions within the structural proteins, the antigenic
characteristics of the virus may change and consequently
allow the virus to evade the host’s immune response
(Haydon et al., 2001). FMDV antigenic variation has
been attributed to amino acid substitutions in major
antigenic sites located on exposed regions of the capsid
proteins VP1, VP2 and VP3 (Acharya et al., 1989; Hay-
don et al.,, 2001; Yoon et al., 2011b). The most studied
epitope is located in the G-H loop of the VP1 protein,
although epitopes within VP2 and VP3 also have an
important role in the antigenic characteristics of the
virus (Sobrino et al., 2001). Antigenic variation is a
major obstacle for FMD control, because it results in an
absence of cross-protection between serotypes and, in
many cases, even between strains of the same serotype.
In this study, we have quantified the extent to which
epidemiological factors contributed to accumulated
nucleotide (nt) and amino acid (aa) variation in the
serotype O FMDV (FMDV-0) field samples circulating
in Pakistan over a period of 6 years (2005-2011). Results
presented here will help to gain critical understanding of
the epidemiological dynamics of FMD in Pakistan and,
ultimately, to design and implement effective control
measures in the country that might be mirrored at the
global level.

Phylodynamics of FMD Virus in Pakistan

Materials and Methods

Data source
A total of 82 nucleotide sequences encoding VP1 from
FMDV-O isolates collected from 2005 to 2011 at 22 differ-
ent locations in Sindh, Punjab and Khyber Pakhtunkhwa
Provinces of Pakistan were included in the analysis. Sixty-
eight sequences, processed at two laboratories, were
obtained from published literature, 36 from the National
Veterinary Institute (DTU-VET, Lindholm) in Denmark
and 32 from the Institute for Animal Health in Pirbright in
the U.K. Additionally, 14 samples from which FMDV was
isolated were processed and sequenced (whole capsid cod-
ing region, P1) at the Plum Island Animal Disease Center
(PIADC) in the USA. Furthermore, P1 sequences were gen-
erated from five FMDVs at DTU-VET, Lindholm in Den-
mark. One P1 sequence was taken from the published
literature (Belsham et al., 2011). Thus, a total of 20 P1
sequences were used in the analysis (Table 1).
Epidemiological information associated with each iso-
late included species (cattle or buffalo), location (lower
administrative division) and date of collection. The loca-
tion was geocoded (latitude and longitude) using the cen-
tre of the polygon of the lower administrative division
reported at a web-based library (available at http://
www.heavens-above.com/). A standard nomenclature was
given to all the sequences for a more convenient visuali-
zation of figures: the first three text characters correspond
to the lower administrative location of sample collection,
the following two numbers are the consecutive samples
from a particular year, the next two numbers indicate the
year and the last capital letter corresponds to the species
from which the sample was collected (C = cattle,
B = buffalo), that is, sequence KHI1706B is the 17th sam-
ple in 2006 collected in Karachi and from a buffalo. The
corresponding virus name as previously published is indi-
cated in Table 1.

Viral RNA detection and sequencing

At PIADC, viral RNA was extracted using a high-
throughput method described elsewhere (Pacheco et al,
2010). RT-PCR products were generated using Super-
Script®III One-Step RT-PCR System with Platinum®
Taq High Fidelity (Invitrogen, Grand Island, NY, USA).
The amplification primers were designed to amplify the
entire P1 region of any FMDV isolate and were obtained
from the Animal Plant and Health Inspection Services at
PIADC. The RT-PCR products were visualized, purified,
sequenced and analysed following procedures described
elsewhere (Pauszek et al, 2011). Additional internal
sequencing primers specific to the Pakistan isolates were
used to obtain the complete P1 and are available from
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Table 1. Foot-and-mouth disease virus serotype O used in the study. [Correction added on date 2 April 2013, after first online publication:
Sequence name ‘O/SGD/PAK/10/2010%" has been corrected to ‘O/IBD/PAK/10/2010%* and some accession numbers also have been changed in
Table 1.]

Sequence name Fig. 2 Nomenclature Sample location Species affected Accession number Reference
O/PUN/PAK/L181/2005 SGD0305C Sargodha Cattle HQ439224 Jamal et al. (2011a)
O/PUN/PAK/L149/2005 GUJ0405B Kharian, Gujrat Buffalo HQ439222 Jamal et al. (2011a)
O/PUN/PAK/L150/2005 GUJO5058B Kharian, Gujrat Buffalo HQ439223 Jamal et al. (2011a)
O/PUN/PAK/L133/2005 LHRO705C Lahore Cattle HQ439221 Jamal et al. (2011a)
O/ISL/PAK/L285/2005 IBD1205B Islamabad Buffalo HQ439226 Jamal et al. (2011a)
O/ISL/PAK/L286/2005 IBD105B Islamabad Buffalo HQ439227 Jamal et al. (2011a)
O/ISL/PAK/L287/2005 IBD1305B Islamabad Buffalo HQ439228 Jamal et al. (2011a)
O/PAK/68/2006 HBD1606B Hafizabad Buffalo FJ798173 Waheed et al. (2010)
O/PUN/PAK/L1370/2009°  RWP0909B Rawalpindi Buffalo HQ4392157JX171677b Jamal et al. (2011a)
This study
O/PAK/1/2008 BKI0108C Burki Cattle FJ798190 Waheed et al. (2011)
O/PAK/10/2006 KHI1106B Landhi Cattle Colony, Buffalo EF494503 Klein et al. (2008)
Karachi
O/PAK/11/2006 KHI1706B Karachi Buffalo EF494504 Klein et al. (2008)
O/PAK/12/2006 KHI1806B Nagori Cattle Colony, Buffalo EF494505 Klein et al. (2008)
Karachi
O/PAK/14/2006 KHI1906B Nagori Cattle Colony, Buffalo EF494506 Klein et al. (2008)
Karachi
O/PAK/2/2006 KHI1206C Quadriba, Karachi Cattle EF494499 Klein et al. (2008)
O/PAK/2/2008 PTK0208B Patoki Buffalo FJ798191 Waheed et al. (2011)
O/PAK/3/2008 PTK0308C Patoki Cattle FJ798192 Waheed et al. (2011)
O/PAK/38/2005°¢ KRK0605C Karak Cattle FJ798167 Waheed et al. (2011)
O/PAK/4/2006 KHI1306C Landhi Cattle Colony, Cattle EF494500 Klein et al. (2008)
Karachi
O/PAK/53/2007 SGD0107C Sargodha Cattle FJ798179 Waheed et al. (2011)
O/PAK/6/2006 KHI1406B Landhi Cattle Colony, Buffalo EF494501 Klein et al. (2008)
Karachi
O/PAK/6/2008 PWR0408C Peshawar, KPK Cattle FJ798193 Waheed et al. (2011)
O/PAK/61/2006 SGD0506C Sargodha Cattle FJ798169 Waheed et al. (2011)
O/PAK/66/2007 (B) LHRO707B Lahore Buffalo FJ798185 Waheed et al. (2011)
O/PAK/68/2007 TTS0607B TT Singh Buffalo FJ798186 Waheed et al. (2011)
O/PAK/69/2007 LYH0807B Layyah Buffalo FJ798187 Waheed et al. (2011)
O/PAK/70/2007 LYH0907B Layyah Buffalo FJ798188 Waheed et al. (2011)
O/PAK/71/2007 LMT1107C Lakki Marwat Cattle FJ798189 Waheed et al. (2011)
O/PAK/8/2006 KHI1506B Landhi Cattle Colony, Buffalo EF494502 Klein et al. (2008)
Karachi
Pak 23.1_8 KHI0106C Karachi Cattle EF494490 Klein et al. (2008)
Pak 23.2_8 KHI0206C Karachi Cattle EF494491 Klein et al. (2008)
Pak 24.1_8 KHI0306C Karachi Cattle EF494493 Klein et al. (2008)
Pak 5.2_9 KHI0406B Karachi Buffalo EF494498 Klein et al. (2008)
O/PUN/PAK/L282/2005¢ LYH1405C Layyah Cattle HQ439225 Jamal et al. (2011a)
O/ISL/PAK/L288/2005°¢ IBD1505C Islamabad Cattle HQ439229 Jamal et al. (2011a)
O/NWF/PAK/L1414/2009  HAR0409C CBF, Harichand Cattle HQ439212 Jamal et al. (2011a)
O/NWF/PAK/L1415/2009  HAR0509C CBF, Harichand Cattle HQ439213 Jamal et al. (2011a)
O/NWF/PAK/L1416/2009  HAR0609C CBF, Harichand Cattle HQ439214 Jamal et al. (2011a)
O/NWF/PAK/L1417/2009% HAR0709C CBF, Harichand Cattle HQ439215-JX171679°  Jamal et al. (2011a)
This study
O/NWF/PAK/L1418/2009° HAR0809C CBF, Harichand Cattle HQ439216—JX171680b Jamal et al. (2011a)
This study
O/PAK/31/2005 HBD0O105C Hafizabad Cattle FJ798162 Waheed et al. (2011)
O/PAK/32/2005 HBD0205C Hafizabad Cattle FJ798163 Waheed et al. (2011)
O/PAK/35/2005 LHRO805B Lahore Buffalo FJ798166 Waheed et al. (2011)
O/PAK/33/2005 AWA0905C Arifwala Cattle FJ798164 Waheed et al. (2011)
O/PAK/34/2005 AWA1005C Arifwala Cattle FJ798165 Waheed et al. (2011)
O/PAK/60/2006 SGD0606B Sargodha Buffalo FJ798168 Waheed et al. (2011)
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Table 1. Continued.

Phylodynamics of FMD Virus in Pakistan

Sequence name Fig. 2 Nomenclature Sample location Species affected Accession. number Reference
O/PAK/63/2006 SKPO706B Sheikhopura Buffalo FJ798170 Waheed et al. (2011)
O/PAK/72/2006 GJWO0806B Gujranwala Buffalo FJ798176 Waheed et al. (2011)
O/PAK/73/2006 GJWO0906B Gujranwala Buffalo F1798177 Waheed et al. (2011)
O/PAK/74/2006 OKA1006C Okara Cattle FJ798178 Waheed et al. (2011)
O/PAK/66/2006 JHG2006C Jhang Cattle FJ798171 Waheed et al. (2011)
O/PAK/67/2006 JHG2106B Jhang Buffalo FJ798172 Waheed et al. (2011)
O/PAK/70/2006 AWA2206C Arifwala Cattle FJ1798174 Waheed et al. (2011)
O/PAK/71/2006 AWA2306C Arifwala Cattle FJ798175 Waheed et al. (2011)
O/PAK/60/2007 JHG0207C Jhang Cattle F1798181 Waheed et al. (2011)
O/PAK/56/2007 SKP03078B Sheikhopura Buffalo FJ798180 Waheed et al. (2011)
O/PAK/61/2007 HBD0407C Hafizabad Cattle F1798182 Waheed et al. (2011)
O/PAK/63/2007 GJWO0507C Gujranwala Cattle FJ798183 Waheed et al. (2011)
O/PAK/66/2007 (A) LYH1007B Layyah Buffalo FJ798184 Waheed et al. (2011)
O/PUN/PAK/L1346/2008 FBD0O508C Faisalabad Cattle HQ439209 Jamal et al. (2011a)
O/PUN/PAK/L1347/2008 FBD0608C Faisalabad Cattle HQ439206 Jamal et al. (2011a)
O/PUN/PAK/L1358/2008% FBDO708C Faisalabad Cattle HQ439208-JX171676° Jamal et al. (2011a)
O/PUN/PAK/L1353/2008 FBD0808C Faisalabad Cattle HQ439211 Jamal et al. (2011a)
O/PUN/PAK/L1360/2008 FBD0908C Faisalabad Cattle HQ439210 Jamal et al. (2011a)
O/PUN/PAK/L1345/2008 FBD1008B Faisalabad Buffalo HQ439213 Jamal et al. (2011a)
O/PUN/PAK/L1343/2008 FBD1108C Faisalabad Cattle HQ439207 Jamal et al. (2011a)
O/ISL/PAK/L1412/2009° IBDO109C Islamabad Cattle HQ439214-JX171678° Jamal et al. (2011a)
O/ISL/PAK/L1413/2009° IBD0209C Islamabad Cattle HQ439220-HQ113232¢ Jamal et al. (2011a)
Belsham et al. (2011)

O/KHI/PAK/04/20097 KHI1109C Landhi, Karachi Cattle IX170744 This study
O/KHI/PAK/08/2009° KHI1009B Sargani, Karachi Buffalo JX170745 This study
0/SGD/PAK/17/2010? SGD0110B Sargodha Buffalo JX170753 This study
0/SGD/PAK/18/2010° SGD0310C Sargodha Cattle JX170754 This study
O/SWL/PAK/16/2010? SWL0210B Sahiwal Buffalo JX170752 This study
O/BWP/PAK/13/2010° BWP0410B Bahawalpur Buffalo JX170749 This study
0/SGD/PAK/09/2010? SGDO0510C Sargodha Cattle JX170746 This study
O/IBD/PAK/10/2010° IBD0610C Islamabad Cattle IX170747 This study
O/BWL/PAK/12/2010° BWP07108B Bahawalpur Buffalo JX170748 This study
O/RWP/PAK/14/2010° RWP0810B Rawalpindi Buffalo JX170750 This study
O/RWP/PAK/15/2010° RWP0910B Rawalpindi Buffalo JX170751 This study
O/KHI/PAK/41/20112 KRIO111B Karachi Buffalo JX170756 This study
O/KHI/PAK/42/20112 KRIO211B Karachi Buffalo JX170757 This study
0/SGD/PAK/19/2011° SGD0311C Sargodha Cattle JX170755 This study

“All P1 sequence available.
PAccession number for P1 sequence.

“Not included in cluster analysis, sequences fell in cluster of n<3 sequences.

9P1 sequence derived from rescued virus.

the authors upon request. The P1 sequences were submit-
ted to GenBank and assigned accession numbers
JX170744-JX170757. Additional P1 sequences generated
at DTU-VET, Lindholm, were generated as described pre-
viously (Jamal et al., 2011a), and the sequences have been
assigned accession numbers JX171676-JX171680
(Table 1).

VP1 and P1 nt and aa pair-wise difference correlation

To assess the hypothesis that VP1 alone (639 nt for the
isolates listed in Table 1) contains information compara-

ble to that provided by the entire P1 (2202 nt), we
aligned the 20 P1 sequences using ClustalW algorithm
(Larkin et al., 2007) implemented in BioEdit® (Hall,
1999). Subsequently, we computed all pair-wise nt and aa
differences of P1 and their respective VP1. The nt and aa
differences for VP1 between each pair relative to the
whole P1 were computed as a percentage (#nt or aa dif-
ferences in VP1/# nt or aa differences in P1). Addition-
ally, Pearson’s coefficient of correlation (r) for the nt and
aa changes in VP1 and P1 was computed in PASW Statis-
tics 18m release version 18.0.0 (SPSS, Inc., 2009, Chicago,
IL, USA).
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Statistical model to assess the association of genetic vari-
ation and epidemiological factors

Genetic clusters of the 82 FMDV-O VPI nucleotide
sequences were identified by constructing a neighbour-
joining tree using Phylip software package (Felsenstein,
2005) and visualized in Fig Tree v1.3.1 (Rambaut,
2006-2009). The F84 substitution model with gamma
distributed rates across sites was used. Additionally, a
phylogenetic tree using the predicted aa sequences was
constructed to compare clustering of viruses based on aa
and nt sequences.

A hierarchical linear model was formulated, where the
nt and aa distance from each sequence to the earliest iso-
late in the cluster was the dependent variable. Host spe-
cies, time difference and spatial distance between the
earliest sample in the cluster and each of the remaining
sequences in a cluster were assessed for fixed effects in
the model. Time was calculated as the number of days
between the sample collection, and spatial distance
between the two sample point locations (latitude and lon-
gitude) was computed using the Haversine distance for-
mula. Differences in species were categorized in samples
collected from the same or different species (cattle and
buffalo). The genetic cluster was used as a grouping vari-
able (hierarchy). Models for prediction were selected
based on the value of the squared correlation between
predicted and observed values, to assess the fit of the
mixed models, and by the Akaike information criterion
(AIC). All statistical analyses were performed using PASW
Statistics 18m release version 18.0.0 (SPSS, Inc.).

Results

VP1 and P1 nt and aa pair-wise difference correlation
The 20 whole P1 coding sequences were derived from
samples collected from buffalo (n=11) and cattle
(n =9) and originated in eight different locations. There
were three pairs with identical nt sequences; interestingly,
two of these identical samples were collected 1 day apart,
from different species (buffalo and cattle) and in two dif-
ferent locations, Sargodha and Bahawalpur (Punjab Prov-
ince), which are approximately 340 km apart from each
other.

Pearson correlation coefficient of the distance measured
in P1 and VPI was high (r = 0.99, P < 0.05) for nucleo-
tides and moderate (r = 0.79, P < 0.05) for the amino acid
sequences (Fig. 1). The most divergent sequences had 50
and 137 nt differences for VP1 and P1, respectively, which
resulted in five and 14 aa differences, respectively.

The mean proportion of VP1/P1 differences was 0.39
(SD = 0.12) and 0.68 (SD = 0.25) in nt and aa sequences,
respectively.

B. P. Brito et al.
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Fig. 1. Scatter plots of pair-wise differences between 20 VP1 and P1
nucleotide (a) and amino acid (b) sequences of FMDV serotype O col-
lected from Pakistan.

Statistical model to assess the association of genetic vari-
ation with epidemiological factors

The neighbour-joining tree of the 82 VP1 nucleotide
sequences showed seven major genetic clusters with
n=24, 14, 8, 5, 7, 9 and 11 sequences, respectively
(Fig. 2). Phylogenetic trees constructed using predicted aa
sequences yielded similar clusters (not shown), so initial
genetic clusters provided by nucleotide sequence analysis
was considered an appropriate grouping criterion for
models assessing nt and aa changes. Sequence variability
within each cluster was <5% (<30 nt difference).
Sequence O/PAK/66/2007 (A) did not fall into any cluster
and one of the clusters included only three sequences (O/
PAK/38/2005, O/PUN/PAK/L282/2005 and O/ISL/PAK/
1288/2005); therefore, those four sequences were not
included in the regression model because of insufficient
data for contributing to intracluster variability. Conse-
quently, 79 VP1 sequences (36 from buffalo and 43 from
cattle) collected at 22 different locations were included in
the regression model (Fig. 2). These viruses all belong
within the O PanAsia lineage, and all the additional
viruses (collected in 2009-2011) sequenced in this study
belonged to the PanAsia II"N""'? sublineage.

The model with the lowest AIC value included only spa-
tial distance as a significant predictor for both the nt and aa
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Fig. 2. Neighbour-joining tree of analysed VP1 nucleotide sequences. The topology of the tree shows seven major clusters with <5% difference
within each cluster, while an eighth cluster was not included in additional analyses because of the low number of sequences within it (n = 3). Pre-
viously named lineages within the O PanAsia viruses (see Jamal et al., 2011a) are also indicated in the tree branches. The sequences were named
as follows: the first three text characters correspond to the lower administrative location of sample collection, the following two numbers are the
consecutive samples from a particular year, two numbers indicate the year and the last capital letter denotes the species from which the sample
was collected (C = cattle, B = buffalo). The ranges of the difference variables assessed in the model are given for each cluster. Sampling location
of the sequences is given by the coloured circle in front of the sequence name, corresponding to circle location in the map.

models. The squared correlation between the predicted and
the observed values was 0.83 and 0.87 for the nt and aa
sequences, respectively. The model predicted that the VP1
nt sequences in the same location differed by 2.5 (95%
CI = 1.0-4.1) nucleotides and differences increased by 1.7
(95%CI = 1.4-1.9) nucleotides per 100 km. Amino acid
sequences in the same location differed by 0.9
(95%CI = 0.5-1.3) aa and differences increased by 0.5
(95% CI = 0.4-0.6) aa every 100 km. Host species was not
significantly associated with aa or nt differences. Geograph-
ical distance and time between sampling were highly corre-
lated (r = 0.72, P < 0.05), and for that reason, inclusion of
time did not improve the model fitness.

Discussion

Findings from this study provide information on the pre-
dictive nature of VP1, compared to P1, for assessing the
nature and extent of nt and aa sequences variation of
recent FMDV serotype O isolates from Pakistan. The 14
viruses sequenced for this analysis belonged to the PanA-
sia TI*N"1° sublineage, which is currently dominant in
the West Eurasia region and has spread as far west as
Libya and Bulgaria. Two of these viruses were sampled in
2009, in Karachi dairy colonies, and are the earliest
reported PanAsia II"N"'° viruses, suggesting that this

sublineage may have originated in Pakistan.
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Compared to P1 sequences, VP1 was a good predictor
of nt differences, but its ability to predict aa changes was
moderate. This finding may be related with a higher syn-
onymous substitution accumulation throughout P1, but
increased non-synonymous substitution in VPI1, arguably,
because of differential changes driven by selective pressure
and/or allowed by structural constraints (Sobrino et al.,
2001). These results suggest that at least for serotype O in
Pakistan and possibly other serotypes in endemic settings,
the entire P1 sequences may be required to assess aa vari-
ation and immunological studies such as vaccine match-
ing, whereas VP1 sequence alone may be sufficient when
the objective of the study is to assess nt variations.

Few earlier studies have attempted to associate epide-
miological factors with genetic variation in FMDV. Pair-
wise VP1 genetic variation for the epidemic that affected
Argentina in 2001 was associated with longer distances
and greater time intervals and with the interaction
between incidence and duration of outbreaks (Perez et al.,
2008). In that study, the regression model did not
account for genetic clustering because all isolates included
were from a single epidemic. In a different study, no
association between nt substitution rate and host species
or country of origin was found in O PanAsia FMDVs col-
lected from 2005 to 2009 in Pakistan and Afghanistan
(Jamal et al., 2011a). This lack of geographical association
could be due to lack of specific point location informa-
tion, because samples were only classified at the country
level. In another study, in which FMDV-O PanAsia line-
age sequences collected from 1989 to 2001 in the Middle
East, Asia, Europe and Africa were analysed, significant
associations with host and region were found (Garabed et
al., 2009). Contrasting findings were presented in a global
study of FMDV serotypes O and A, sampled between
1939 and 2010, where no association with FMD evolution
and time, country or host species was identified (Yoon et
al., 2011a). The wide time range and geographical diver-
sity of viruses included in the aforementioned epidemio-
logical analysis may have resulted in low resolution
(spatial and temporal) of the FMDV phylodynamics, pre-
venting the detection of geographical or temporal associa-
tions.

The interpretation of all these epidemiological studies
must take into account the fact that accumulated muta-
tions observed in field samples over time are the result of
the virus mutation rate and the selective forces exerted on
the virus population in a given environment. Therefore,
both the geographical diversity and temporal breadth of
the samples studied can dramatically influence the epide-
miological findings (Muellner et al., 2011).

In our study, we fitted a model that included genetic
cluster as a hierarchy, to compute only the genetic dis-
tance to the earliest isolate in the cluster. In the final
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models, only geographical distance was significantly asso-
ciated with aa and nt variation. However, when time
between isolations replaced geographical distance, the
association between time and aa or nt diversity was also
significant (results not shown). Lack of time association
with genetic variation was likely due to the strong corre-
lation between geographical distance and time between
isolation of the samples, which impairs our ability to
understand whether sequences were different because they
were collected at different locations or at different periods
of time.

Interestingly, collection of samples from different spe-
cies was not significantly associated with the pair-wise
genetic distance assessed here. Moreover, we found three
identical P1 nt sequences, two of them sampled 1 day
apart, from buffalo and cattle, and in two different loca-
tions (Sargodha and Bahawalpur). These results support
early findings, suggesting that FMDV-O Pan Asia lineage
is adapted to multiple host species (Knowles et al., 2005)
and is consistent with the frequent multi-species out-
breaks observed in Pakistan and with the waves of disease
outbreaks at specific locations and dates. These results
have implications for disease prevention and control as it
indicates transmission and circulation of similar viruses
among different species.

The estimates given in this study add a geographical
component to analysing genetic variability among field
isolates, but they should be carefully interpreted as an
average variation of the viruses studied. Some viruses
may show lower or higher variation, having important
implications to the disease epidemiology in endemic set-
tings. For instance, in Fig. 2, most of the clusters are
genetically diverse, except for the two smallest clusters of
the Pan Asia III lineage, although they were collected
within a time span of 761 and 694 days, respectively and
within a spatial distance of 198 and 164 km. Only one
nucleotide difference was observed in both clusters,
resulting in one amino acid change in one of them. This
sequence conservation for FMDV is unusual, given the
fact that these viruses are interacting with hosts that have
been either previously exposed or possibly vaccinated
with FMDV. These conserved sequences of VP1 in space
and time may suggest that these lineages use a mechanism
for perpetuating in the animal population that does not
require antigenic adaptation to host immune responses.

Arguably, the most important limitation of the study
here was the impossibility to perform a probabilistic sam-
pling design of outbreaks because of the nature and
extent of the epidemiological information made available
to us. Certainly, information on factors such as animal
breed, age, gender, management practices, animals present
in the herd, animal movement, details of the clinical dis-
ease and lesions would have helped to improve the model
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fitness and to reveal unexplored associations and influ-
ences. Unfortunately, implementation of structured study
designs and availability of information has been impaired
here by the particular prevailing conditions of the set-
tings, as is typically the case for observational studies in
FMD endemic regions.

In conclusion, this study contributes to the knowledge
of FMDYV dynamics in space and time, which, in addition
to a comprehensive understanding of the molecular and
structural changes related to virus antigenicity, will help
to design appropriate FMD control strategies in endemic
settings.
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